Introduction
Dynamical diffraction in a deformed (often bent) crystal is described by the Takagi equations   1 which, in general, have to be solved numerically on a regular 2-D grid of points representing a planar cross section of the crystal in which the diffraction of an incident X-ray wavefront occurs . Presently, the majority of numerical approaches are based on a finite difference solving scheme [2] [3] [4] which can be easily implemented on a regular Cartesian grid but is not suitable for deformed meshes. In this case, the inner deformed crystal structure can be taken into account, but not the shape of the crystal surface if this differs substantially from a planar profile 5, 6 .
Conversely, a finite element method (FEM) can be easily applied to a deformed mesh and serves very well to the purpose of modelling any incident wave on an arbitrarily shaped entrance surface 7 e.g. that of a bent crystal or a crystal submitted to a strong heat load [8] [9] [10] . For instance, the cylindrical shape of the surface of a strongly bent crystal plate can easily be taken into account in a FEM calculation. Bent crystals are often used as focusing optical elements in Xray beamlines [11] [12] [13] .
In the following, we show the implementation of a general numerical framework for describing the propagation of X-rays inside a crystal based on the solution of the Takagi equations via the COMSOL Multiphysics FEM software package (www.comsol.com). A cylindrically bent crystal will be taken as an example to illustrate the capabilities of the new approach.
Theoretical frame
Considering an incident wave exp( . ) ( ) 
In 
where ( 
Numerical simulations
We present FEM simulations of reflectivity curves of a flat undeformed crystal (Figs. 1 and 2) and of a cylindrically bent crystal (Fig. 3) , both in symmetric Bragg geometry, as well as the related focusing properties, as implemented by using COMSOL. We consider a monochromatic point source in all cases. The Cartesian components of the displacement field, with the z-axis along the inward normal to the plate surface, are
R is the bending radius, t is the plate thickness and the Poisson ratio was chosen to be ν = 0.27.
The source-to-crystal distance p is varied by using Fig2. RC simulation as in fig.1 , but with two different grid sizes, showing that a grid size as small as 1 μm is necessary to obtain reliable results; the accuracy can also be improved by using a "boundary layer option" available in COMSOL. fig. 4a . This is no longer the case for p = 5 m: in this case a part of the incident wave penetrates in the crystal and is reflected back towards the surface due to the "mirage effect" 15, 16 .
This gives rise by interference to the oscillations seen in Fig.5 . By using (1b), the reflected amplitude ( , ) Fig. 7 , except that the source is at a large distance (p = 30 m).
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Conclusions
A very general finite element approach to Takagi equations in their integral form is presented. This allows for wide flexibility in numerically simulating the X-ray propagation in both a flat and deformed crystal for any complex geometric domain. The finite element solution is computationally efficient and comparable to the finite difference method in conventional cases, where the computational domain is rectangular or, more broadly, delimited by straight lines. However, in general the deformation modifies this simple geometry and when the diffracted phase plays a crucial role, the deformed surface has to be accounted for in the calculations. In a forthcoming work we will demonstrate the phase propagation effects in air after diffraction from a crystal polychromator in Bragg geometry as simulated by our finite element code.
